disease are aected by a VHL germline mutation involving one copy of the VHL gene. Loss of heterozygosity of the second VHL allele can be consistently demonstrated in tumor tissue from these patients, suggesting that allelic deletion is a very early or even initiating event for tumorigenesis. Approximately 20% of VHL disease patients, however, exhibit germline deletion of one entire copy or at least a substantial part of the VHL gene. To investigate the nature of thè second genetic hit' in this patient population, we analysed two renal cell carcinomas and one CNS hemangioblastoma from three unrelated patients for genetic changes of the second copy of the VHL gene. All three tumors showed retention of one VHL allele by FISH. Single-strand conformation polymorphism and mutation analysis of microdissected tumor DNA revealed somatic point mutations of the wild-type VHL copies in each of the three tumors. The results indicate that thè two hit model' is equally applicable to patients with VHL germline mutation and VHL germline deletion. In contrast to tumors from patients with VHL germline mutation, however, point mutations of the wild-type allele can be detected in tumors from patients with VHL germline deletion.
Introduction
Von Hippel-Lindau (VHL) disease, an autosomal dominant genetic disorder, is characterized by the development of a variety of tumors including renal cell carcinomas, CNS hemangioblastomas, pheochromocytomas, and pancreatic microcystic adenomas (Choyke et al., 1995; Maher and Kaelin, 1997) . The VHL tumor suppressor gene has been linked to chromosome 3p25 (Seizinger et al., 1988) and subsequently identi®ed (Latif et al., 1993) .
The majority of patients with VHL disease carry a VHL germline mutation on one VHL gene copy. It has been suggested that a`second hit' at the remaining wild-type VHL allele would initiate tumor growth in susceptible cells in these patients (Knudson, 1985) . In agreement with this hypothesis, previous analyses of VHL disease-associated neoplasms have consistently demonstrated both VHL gene mutations and deletions in tumors that are associated with the syndrome (Gnarra et al., 1994) .
In 20% of patients with VHL disease, however, germline mutations of the coding region of the VHL gene are absent. Instead, most of these patients exhibit deletion of one entire copy or at least a substantial part of the VHL gene (Pack et al., 1999) . Since the nature of the second genetic hit is unknown in this patient population we analysed three tumors from three patients with VHL germline deletion for genetic alterations in comparison to the patients' germline DNA.
Results
Fluorescent in situ hybridization (FISH) using genomic probes P1, c3, c11 and g7 cDNA for the VHL gene (Pack et al., 1999 ) demonstrated a single VHL allele copy in blood lymphocytes of all three patients (Figure 1 , a ± c). In one case, VHL deletion was demonstrated by loss of the open-reading frame using the cDNA probe g7. The two other cases not only showed loss of the openreading frame, but more extended deletions by using c11 and P1 demonstrating complete loss of the VHL gene sequence (435 kb, but 590 kb). For comparison, ®ve blood samples from patients with known VHL gene mutation were studied and consistently revealed two copies of the VHL allele (Figure 1, d ± f) .
FISH of tumor tissue (two renal cell carcinomas and one cerebellar hemangioblastoma) from the patients with VHL germline deletion was identical with normal tissue (Figure 1 a,b) . Therefore, the results were indicative of retention of one VHL allele in both normal and tumor tissue of these patients and did not suggest a deletion of the VHL allele as a pathogenetic mechanism underlying development of these tumors. In contrast, tumors from patients with VHL germline mutation had consistently lost one VHL gene copy ( Figure 1e ).
The FISH results were con®rmed by PCR ampli®ca-tion of blood and microdissected tumor DNA with highly polymorphic markers¯anking the VHL gene revealing presence of a single ampli®cation band. Single-strand conformation polymorphism (SSCP) and mutation analysis of microdissected tumor DNA, however, revealed evidence of point mutation in the wild-type copy of the VHL gene as compared to the germline DNA: ®rst, SSCP analysis demonstrated aberrant bands in tumor DNA as compared to normal control DNA from the same patients (Figure 1c) . Second, sequencing analysis revealed a single missense mutation in each of the three tumors: exon 2, codon 151 (ATC to AGC; ILE to SER), exon 3, codon 200 (CGG to TGG; ARG to TRY), and exon 1, codon 69 (CGC to TGC; ARG to CYS) (Figure 2 ).
Discussion
Deletion of the wild-type VHL allele is almost universally found in tumors from patients with germline VHL gene mutation, suggesting a common pathogenetic pathway. Furthermore, VHL gene deletion can be demonstrated in numerous, independently occurring morphologic precursor lesions of these tumors (Lubensky et al., 1996) . The large number of precursor lesions and the almost consistent presence of allelic wild-type deletion in these lesions suggest that the`second hit', deletion of the wild-type VHL allele, represents a very early or even initiating event. It is not clear at what time the second hit occurs and what the nature of the susceptible cell population is, although the slow growth of VHL-associated tumors and the presence of these tumors in infants indicate that tumor initiation may occur in early childhood or even during embryogenesis.
Wild-type allelic deletion is known to represent a hallmark event associated with tumorigenesis in patients with germline tumor suppressor gene mutations; however, the nature of the`second hit' in tumors occurring in association with germline deletion has never been investigated. Our ®ndings demonstrate that VHL wild-type deletion does not play a pathogenetic role in tumors of patients with VHL germline deletion. Instead, all three investigated tumors revealed wildtype VHL point mutation. It appears therefore that the common`mutation-deletion sequence' in patients with VHL germline mutation is replaced by a`deletionmutation sequence' in patients with VHL germline deletion. A possible explanation for this ®nding is positive selection of cells with somatic point mutation of the VHL wild-type allele in patients with VHL germline deletion. In contrast, somatic wild-type deletion would result in homozygous VHL gene deletion, which may be incompatible with cell survival as inactivation of both copies of the VHL gene in mice have been shown to cause death in utero (Gnarra et al., 1997) .
In contrast, a wide spectrum of wild-type alterations can induce tumorigenesis in patients with VHL germline mutation, whereas tumorigenesis in patients with VHL germline deletion may in fact be restricted to somatic VHL wild-type point mutation. It is possible that the proposed mechanism may apply to the pathogenesis of other tumor suppressor syndromes. For example, in tumor tissue from a patient with MEN1 germline deletion retention of MEN1 has been demonstrated by ampli®cation of exon sequences using DNA from microdissected tumor cells (A Calender, personal communication) . Finally,`deletion-mutation sequences' may play pathogenetic roles in the development of sporadic tumors in which random genetic deletions appear to be more frequent than random mutations (Lengauer et al., 1998) .
Materials and methods
Frozen and paran-embedded, formalin-®xed tumor tissue was retrieved from three patients with VHL germline deletion. Two patients had presented with renal cell carcinoma, one patient with hemangioblastoma as manifestations of VHL disease. The patients had been cared for by the Urologic Oncology Branch, NCI, and the Surgical Neurology Branch, NINDS, respectively. Tissues were obtained as part of an institutional review board-approved protocol for which informed consent was obtained.
Fluorescent in situ hybridization (FISH) was performed using touch preparations from frozen tumor tissue. Genomic probes included P1-191 (90 kb in size) containing the entire VHL locus; cosmid c3 (*30 kb) which includes the 3' portion of the VHL gene (a part of the reading frame and 3'-UTR); cosmid c11 (*35 kb), which overlaps the exon 1 and 5'-UTR; and the cDNA`group 7' (1.65 kb) which contains the entire open reading frame and some 5'-and 3'-UTR sequences (Pack et al., 1999) . As controls, normal blood samples and blood samples from patients with known VHL mutation were studied.
For further genetic analysis, tumor cells were microdissected from tissue sections as described previously (Zhuang and Vortmeyer, 1998) . After DNA extraction, PCR ampli®-cation of blood and microdissected tumor DNA was performed with highly polymorphic markers¯anking VHL; the ampli®cation products were separated on a 8% polyacrylamide sequencing gel. In addition, single strand conformation polymorphism (SSCP) and mutation analysis of microdissected tumor DNA was performed to screen for somatic mutations. 
